Aim: Endoplasmic reticulum (ER) stress plays an important role in the pathogenesis of insulin resistance and pancreatic β-cell dysfunction. The aim of this study is to investigate whether the insulin-sensitizing action of berberine is related to reducing ER stress. Methods: ER stress in cultured Hep G2 cells was induced with tunicamycin. Cells were pretreated with berberine in combination with or without insulin. The concentration of glucose was measured by glucose oxidase method. The molecular markers of ER stress, including ORP150, PERK, and eIF2α were analyzed by Western blot or real time PCR. The activity of JNK was also evaluated. Moreover, the insulin signaling proteins such as IRS-1 and AKT were determined by Western blot. Results: The production of glucose stimulated with insulin was reduced. The expressions of ORP150 was decreased both in gene and protein levels when cells were pretreated with berberine, while the activation of JNK was blocked. The levels of phosphorylation both on PERK and eIF2α were inhibited in cells pretreated with berberine. The level of IRS-1 ser 307 phosphorylation was decreased, whereas IRS-1 tyr phosphorylation was increased notablely. AKT ser 473 phosphorylation was also enhanced significantly in the presence of berberine. Conclusion: The antidiabetic effect of berberine in Hep G2 cells maybe related to attenuation of ER stress and improvement of insulin signal transduction.
Introduction
Type 2 diabetes (T2DM) is one of the most prevalent and serious metabolic diseases in the world. Persons with T2DM consistently demonstrate three cardinal abnormalities: resistance to the action of insulin in peripheral tissues, particularly muscle and fat but also liver; defective of insulin secretion, especially in response to a glucose stimulus, and increased glucose production by the liver. The inability of pancreatic β cells to adapt the reduction in insulin sensitivity may lead to the onset of glucose intolerance. Once hyperglycemia becomes apparent, insulin resistance is further increased and β cell function progressively deteriorates.
Recent studies suggest that endoplasmic reticulum (ER) stress plays an important role in the onset of the state of obesity, insulin resistance and T2DM [1] [2] [3] . ER stress in hepatocytes and adipocytes may suppress insulin signaling via activated signaling cascades especially c-Jun N-ternimal kinase (JNK) that inhibits insulin receptor substrate-1 (IRS-1) tyrosine phosphorylation and increases serine phosphorylation [3] [4] [5] [6] . Whereas, agents that alleviate ER stress may improve insulin signal transduction in vitro and in vivo [7] [8] [9] [10] . Because reduction of ER stress could be a potential therapeutic target for diabetes, more and more pharmaceutical trials are developing new agents to relieve ER stress. Studies indicate that chemical compounds such as 4-phenyl butyrate (PBA), methoxyflavones, and ursodeoxycholic acid proved to affect the stabilization of mutant proteins and/or the facilitation of transport of mutant proteins at the site of activity, that can improve ER folding capacity and modulate ER function [10] [11] [12] . However, high dosages of chemical chaperones are required to improve folding capacity of ER by nonspecific mechanisms and their therapeutic value is limited.
Recent identification of biological compounds derived from plants proved to be effective in modulating glycolipid metabolism [7, 13, 14] . Rizoma coptidis (RC) and its main alkaloids compound berberine have been widely used as an anti-inflammatory and antiviral traditional medicine for a long time in Asia. Recent studies also show that berberine is effective in lowering blood glucose, improving insulin resistance and lowering blood lipid in murine experiments [14] [15] [16] . Our previous studies [17, 18] . Nevertheless, the mechanism underlying insulin sensitization of berberine is not well revealed. Based on the above concept that ER stress relates to the development of insulin resistance, we try to investigate the effect of berberine on regulating glucose production in hepatocytes on the state of ER stress and clarify whether this capacity of insulin sensitization relates to reducing ER stress. ) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), eIF2α, phospho-eIF2α (ser 51 ) and phospho-c-Jun antibody was purchased from Cell Signaling (Beverly, MA), Polyclonal antibodies of ORP150 was obtained from Abcam (Cambridge, USA). All other chemicals were purchased from authentic sources and were of superior grade and purity.
Materials and methods

Materials
Cell culture and treatment Hep G2 cells were grown in 90-mm Petri dishes in highglucose DMEM (containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) and maintained in a humidified incubator at 37 °C with 5% CO 2 . ER stress in Hep G2 cells was induced by Tu as the method described previously [9, 10] . Briefly, after reaching 70%-80% confluency, cells were washed three times with DMEM without serum and transferred into medium containing 2% FBS. Then cells were cultured in medium containing 2% FBS with PBA (10 mmol/L) or berberine (0, 10, and 20 μmol/L). After the incubation for 14 h, Tu (0.5 or 2.0 μg/mL) was gently added to the medium to avoid any environmental stress due to vibration or temperature changes. Then cells were incubated for another 4 h and prepared for the following measurements.
Microculture tetrazolium (MTT) assay
To ascertain the range of nontoxic doses of berberine, MTT assay was established with some modifications. Briefly, Hep G2 cells at the density of 5×10 4 cells/well in 100 μL culture medium were seed into microtiter plates (tissue culture grade, 96 wells), and cells were cultured for 24 h at a humidified atmosphere. After another 24-h incubation with different doses of berberine (from 0 to 50 µmol/L), 10 μL of the MTT labeling reagent (final concentration 0.5 mg/mL) was added to each well. Cells were incubated for the next 4 h and then the medium was discarded. The blue crystals, which were the metabolized product of MTT, were extracted by DMSO. The absorbance of the samples was measured with an ELISA scanner at the wavelength of 400 and 550 nm to estimate the proportion of surviving cells.
Measurements of glucose production
After cells were pretreated with different concentrations of berberine or PBA and exposure to Tu, the amount of glucose production was determining as follow: the cells were incubated with the buffer consisting of glucose-free DMEM supplemented with 5 mmol/L alanine, glycine, and valine, pyruvate and lactate for 2 h. Then medium was collected for glucose determination with glucose oxidase method. Each point represented the average of six independent measurements [19] [20] [21] . All these assays were adjusted by MTT OD [22] .
Real-time RT-PCR analysis
Total RNA was isolated from Hep G2 cells using TRIzol regent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. cDNA from total RNA was synthesized with reverse-transcription reaction using a ThermoScript RT-PCR system (Toyobo, Osaka, Japan). The primers of ORP150 and β-actin were synthesized by Sangon Biotechnology Company (Shanghai, China). The primer sequences are listed in Table 1 .
Real-time PCR analysis was performed in a final volume of 25 μL containing 12.5 μL SYBR Green I fluorescence using a LightCycler instrument (Roche Diagnostic, Mannhein, Germany). The following thermal cycling profile for PCR was used: one cycle at 95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s, and at 58 °C for 5 s, with a final extension step at 72 °C for 30 min. Then Real-time PCR products were analyzed by melting curve to confirm the amplification. The housekeeping gene β-actin was used for confirmation of similar cDNA loading.
Western blotting analysis
HepG2 cells incubated with berberine or PBA in the present or absent of insulin were lysed in RIPA ice-cold buffer (l50 mmol/L Tris-HCl with pH 7.4, 130 mmol/L NaCl, 5 mmol/L EDTA, 1.0% Nonidet P-40, 100 mmol/L NaF, 50 mmol/L β-glycerophosphate, 100 μmol/L NaVO 4 , 1 mmol/L phenylmethylsulfonyl fluoride, 5 μg/mL leupeptin, and 5 μg/mL apro- Membranes were then blocked in 5% blocking reagent and incubated overnight at 4 °C with primary antibodies diluted in Tris-Buffered Saline-Tween 20 (TBST). After overnight incubation, the membranes were washed four times by incubating 15 min in TBST and were incubated with secondary antibodies conjugated with horseradish peroxidase for 2 h on room temperature. Then membranes were washed four times in TBST for 15 min again. Proteins were visualized with an ECL detection system. Band intensities on the autoradiography were quantified using Quantity one software (Bio-Rad).
Statistical analysis
Data were shown as mean±SD. One-way ANOVA was used to determine statistically significant differences between groups. P<0.01 was considered statistically significant.
Results
Cytotoxicity of berberine on Hep G2 cells It was reported that high concentration of berberine could inhibit cell's activities [17, 23] . In order to determine the appropriate concentration of berberine in our study, we first examined the cytotoxicity of berberine on Hep G2 cells. As shown in Figure 1 , the growth and proliferation of cells were not affected when cells were incubated with berberine at the concentration below 20 µmol/L in the medium. However, it was observed that berberine inhibited Hep G2 cells activities significantly when its concentration reached to 30 µmol/L. It indicated that berberine with the concentration under 20 µmol/L was suitable to study for the bioactivity assay. Based on the above result, berberine at the concentration of 10 and 20 μmol/L were chosen in the subsequent experiments.
Berberine influences glucose production in Hep G2 cells under ER stress state Tunicamycin, a widely used inhibitor of glycosylation, was chosen to induce ER stress in Hep G2 cells. We first investigated the effect of berberine on regulating glucose production in cells under ER stress. Our data demonstrated Tu did not influence glucose production without insulin even though the concentration of Tu reached to 2.0 μg/mL. We therefore inferred that glucose production on basal state was not influenced when cells were induced to ER stress (Figure 2 ). However, glucose production decreased in the presence of insulin, and the inhibiting effect of insulin on glucose production was weakened more apparently when the concentration of Tu up to 2.0 μg/mL (Figure 2 ). The data suggested that the effect of insulin on inhibiting glucose output was blocked in hepatocytes under ER stress state. We then observed the effect of berberine on glucose production on the state of ER stress with or without the stimulation of insulin (Figure 2 ). Our research demonstrated that the effect of berberine on glucose production was insulin dependent for we could not detect the change of glucose production when cells without the stimulation of insulin even though the concentration of berberine up to 20 μmol/L (Figure 2 ). However, glucose production was suppressed when cells were pretreated with berberlin in the present of insulin (Figure 2 ). It suggested that berberine could not influence glucose production on basal state when cells were under ER stress. Similar to berberine, PBA, a low molecular weight chaperone known to stabilize protein conformation and improve ER folding capacity [10, 24] , exhibited the capacity of inhibiting glucose production in cells under ER stress with the stimulation of insulin and had no effect without insulin. Figure  3A and Figure 3B , the expression of ORP150 was increased in cells exposed to Tu compared to normal cells both in the levels of mRNA and protein, importantly, the elevation was more remarkable when the concentration of Tu was up to 2.0 μg/mL ( Figure 3A and Figure 3B) . Similarly, the activity of total JNK was enhanced by Tu in a dose dependent manner which was indicated by a dramatically elevated of c-Jun phosphorylation ( Figure 3C ) [9] . In correspondance with these changes, as the key indicators of the present of ER stress, both the phosphorylation status of PERK and eIF2α were enhanced when cells were treated with Tu ( Figure 3D and Figure 3E ). All these data above demonstrated that Hep G2 cells were induced to ER stress with Tu. Interestingly, the potency of Tu on stress was blocked when cells were pretreated with berberine. Our findings demonstrated that the expression of ORP150 were inhibited both at the levels of mRNA and proteins when cells were pretreated with berberine though the expression of stress chaperone were enhanced in comparison with normal cells. Moreover, the obvious inhibition effect of berberine was observed when the concentration up to 20 μmol/L ( Figure  3A and Figure 3B ). Additionally, berberine also exhibited an ability of inhibiting the activation of JNK caused by Tu, which was presented by down-regulation of the expression of c-Jun phosphorylation. We also found that the expression of total JNK protein did not change when cells were pretreated with berberine ( Figure 3C ). Furthermore, berberine suppressed Tu induced phosphorylation of PERK and eIF2α profoundly even though the concentration of Tu up to 2.0 μg/mL ( Figure  3D and Figure 3E ). Similar to berberine, our research verify that PBA significantly decreased the expression of ORP 150 ( Figure 3A and Figure 3B ) and inhibited the activation of JNK as reported ( Figure 3C ) [10, 25] . PBA could also inhibit the phosphorylation of PERK and eIF2α significantly ( Figure 3D and Figure 3E ). In addition, there was no difference between the group of PBA and the group of berberine when the concentration of berberine was up to 20 µmol/L. Therefore, it was indicated that berberine had protective effects on Hep G2 cells against ER stress induced with Tu.
Berberine improves ER stress-induced insulin resistance in Hep G2 cells
We finally examined whether the effects of berberine on stress were associated with the enhanced signaling capacity of the insulin. We evaluated the expression of major elements involved in insulin signal transduction. When Hep G2 cells were under conditions of ER stress induced by Tu, ser 307 phosphorylation of IRS-1 was elevated whereas tyr phosphorylation of IRS-1 was decreased and the expression of total IRS-1 did not change. Moreover, as a distally molecular of insulin cascade, ser 473 phosphorylation of Akt was suppressed in cells exposure to Tu whereas expression of total Akt was not effected, these changes suggested that Tu could suppress the signaling capacity of insulin receptor on Hep G2 cells ( Figure  4) . In contrast, when cells were pretreated with berberine, the expression of IRS-1 ser 307 phosphorylation was decreased while the expression of IRS-1 tyr phosphorylation and Akt ser 473 phosphorylation was increased significantly. However, expressions of total IRS-1 and Akt did not change ( Figure  4) . Therefore, it indicates that berberine can enhance insulin action in cells under ER stress. Similarly, PBA also improved ER stress-induced insulin resistance in Hep G2 cells by inhibiting ser 307 phosphorylation and enhancing IRS-1 tyr phosphorylation and Akt ser 473 phosphorylation (Figure 4 ). These 
Discussion
In the present study, we reported a novel finding that pretreatment with berberine could effectively protect cells from the damage of ER stress on Hep G2 cells. The effect can enhance insulin action and result in the decrease of hepatocyte glucose production with an insulin dependent manner in Tu-induced ER stress of Hep G2 cells. The ability of berberine on protecting cells from damage of ER stress may relate to the inhibition of JNK activity and the suppression of the major elements of ER signal transduction pathway including of PERK, eIF2α, and ORP150. Insulin signal transduction may then be enhanced by decreasing insulin-stimulated ser 307 phosphorylation whereas increasing tyr phosphorylation of IRS-1 and enhancing Ser 473 phosphorylation of Akt. These may be a mechanistic connection existed between improvement of insulin signal transduction and inhibition of Tu-mediated ER stress on the antidiabetic ability of berberine.
Insulin inhibits the production and release of glucose in liver through a direct on glycogenolysis, it also has an indirect effect on liver glucose output through gluconeogenesis [26] [27] [28] . In the condition of insulin resistance or diabetes, less glucogen synthesis, more glucogenesis and less glucose consumption in peripheral tissues may lead to hyperglycemia. Therefore, glucose metabolism in hepatocytes plays a major role in regulating glucose flux [29] . Actually, resent studies have provided convincing evidence that hepatic glucose production plays an important role in the development of hyperglycemia in diabetes. Based on this conception, the reduction of hepatic glucose production has been certainly considered for the therapeutic target of diabetes. In fact, recent studies also confirmed that the inhibition of hepatic glucose production may be a potential therapy for the treatment of diabetes [30] . In view of the critical role of ER stress in the pathogenesis of T2DM, we investigate the change of glucose production in Hep G2 cells under ER stress. The results showed that glucose production was disturbed when cells exposed to Tu, a reagent widely used to induce ER stress in vitro, with an insulin dependent manner. Glucose production was increased when cells were stimulated with insulin while no changes were observed without insulin. The effects of the berberine on ER stress and insulin resistance. The ER stress in the hepatocyte cells was induced with Tu. The activity of JNK was elevated and expression ORP150 were up regulated, at the same time, phosphorylation of PERK and eIF2α were enhanced, serine phosphorylation of IRS-1 was increased while tyrosine phosphorylation of IRS-1 was inhibited, phosphorylation of AKT was decreased too. All these changes lead to an increase in insulin resistance and glucose production was enhanced. Treated with berberine reversed these changes and enhances insulin signaling which leads to a decrease of glucose production in cells stimulated with insulin.
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Acta Pharmacologica Sinica npg Therefore, we think it might be one of the causes for hyperglycemia under ER stress. However, berberine can effectively reduce hepatocyte glucose production in the state of ER stress stimulated with insulin in an insulin dependent manner. Based on the previous studies that berberine is an active compound that has an effective capacity in reducing glucose levels in rodents with insulin resistance [15] [16] [17] . Here we found that berberine could inhibit glucose production in hepatocytes under ER stress in vitro. However, these effects were of insulin dependent in our research because berberine hardly showed the effect in regulating glucose production without insulin.
Recent studies suggest that ER stress may play a key role in the development of insulin resistance and diabetes through triggering JNK activity and impairing insulin signal transduction [6, 9, 10] . Therefore, agents that alleviate ER stress may be as potential application in the treatment of diabetes. Previous studies also verified this hypothesis that administration of active chemical chaperones on obese or diabetic mice can reduce ER stress by increasing folding capacity, which can restore systemic insulin sensitivity, enhance peripheral insulin activity and normalize the state of hyperglycemia. Based on this discovery, we further investigated the effect of berberine on JNK activity and other indicators of ER stress including PERK and eIF2α on Hep G2 cells induced to ER stress with Tu. In the present study, we found that phosphorylation of c-Jun, which represents total JNK activity, was reduced by berberine. At the same time, both the PERK and eIF2α phosphorylation were suppressed. As an ER stress-associated chaperone, systemic expressions of ORP150 may enhance glucose uptake and suppress protein oxidation in murine type 2 diabetes. Overexpressions of ORP150 may improve insulin sensitivity in myoblast cells treated with hydrogen peroxide [3, 8] . Nevertheless, previous researches also found that expression of ORP150 was increased in cells of Tu-induced ER stress [31, 32] . Human ORP150 gene maps also found that the expression of ORP150 was increased remarkably in skeletal muscles of insulin resistant subjects compared with that of insulin sensitive subjects [33] . Based on the above paradox, the role of ORP150 on the pathogenesis of insulin resistance need to be identified in the further studies but it was not the focus on our present research. Here, we found the expression of ORP150 was increased both in mRNA and protein levels in cells incubated with Tu. However, the expression of ORP150 was inhibited when cells were pretreated with PBA. Similarly, when cells were pretreated with berberine, the expression of ORP150 was also decreased. Moreover, the inhibition of gene expression was observed obviously in the concentration of berberine was up to 20 μmol/L. All these results indicated that berberine could protect hepatocytes from the damage of ER stress.
Insulin resistance in T2DM exhibits many defects such as down-regulation of receptor and receptor substrate levels, impairments of kinase activity and PI3K activity, decrease of glucose transporter translocation and activity of intracellular enzymes [34] . Insulin receptor substrate (IRS) proteins, molecules existed inside cytoplasm, are crucial for mediating insulin action cascade. Serine phosphorylation of IRS-1 may negatively regulates insulin receptor signaling and be considered as a common reason for functional inhibition of IRS-1 protein. Among the serine residues, which are phosphorylated in response to risk factors of insulin resistance, ser 307 phosphorylation is known to be the common molecular indicators. Studies reveal that ser 307 phosphorylation of IRS-1 increases in the state of insulin resistance [4, 34, 35] . In the present study, we found that Tu enhanced ser 307 phosphorylation of IRS-1 and suppressed tyr phosphorylation of IRS-1, and finally inhibited ser 473 phosphorylation of Akt significantly. Nevertheless, these effects were reversed when cells were pretreated with berberine. Our previous study also demonstrated that berberine could reverse the level of IKKβ ser 181 and IRS-1 ser 307 phosphorylation in 3T3-L1 adipocytes of insulin resistance [18] . These results indicate that berberine might improve insulin signal transduction when cells were induced to ER stress.
In conclusion, we demonstrated that berberine, similar to PBA, attenuated ER stress induced by Tu and then improved insulin resistance in Hep G2 cells. However, berberine can alleviate ER stress with relative lower dosage and no side effects in contrast to PBA. These findings further imply that berberine can be used as a potential antidiabetic agent in treating type 2 diabetes.
